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O–H bandThe ﬂotation chemistry of soluble salts has been studied formany decades. In thiswork, the ﬂotation behavior of
arcanite (K2SO4) and epsomite (MgSO4·7H2O) with both the cationic collector, dodecylamine hydrochloride
(DAH), and the anionic collector, sodium dodecyl-sufate (SDS), has been studied. The results show that K2SO4
can be ﬂoated with both the cationic and anionic collectors at natural pH. In contrast, MgSO4·7H2O cannot be
ﬂoated by either collector. The results indicate that the ﬂotation response of these salts cannot be explained
based on surface charge considerations. It is now known that interfacial water structure has been found to be
a signiﬁcant factor in the explanation of soluble salt ﬂotation.
In this regard, the water structure of K2SO4 and MgSO4 solutions was investigated by FTIR-transmission and FTIR-
ATR methods which are useful to detect changes in water structure as inﬂuenced by dissolved salts. FTIR transmis-
sion spectra suggest thatMgSO4 is awater structuremaking salt, while it is expected that K2SO4 is a structure break-
er, although such an expectation is not conﬁrmed from FTIR transmission spectra due to the low solubility of K2SO4.
In this regard, FTIR-ATR measurements can also be used to determine the inﬂuence of dissolved salts on
water structure. After subtraction of the O–H band spectrum of salt solutions from that of pure water, the
change in the “ice-like” water structure as inﬂuenced by the dissolved salt (K2SO4 and MgSO4) can be ob-
served even in solutions of K2SO4 at low concentrations. In summary, the results from FTIR spectroscopy of
solutions show that K2SO4 is a water structure breaker, while MgSO4 is a water structure maker. This conclu-
sion is further conﬁrmed from a macroscopic view point by viscosity measurements. Again for these sulfate
salts ﬂotation is achieved with DAH and SDS as collectors if the salt is a water structure breaker.
© 2013 The Authors. Published by Elsevier B.V. Open access under CC BY-NC-SA license.1. Introduction
Potassium fertilizer is widely added to soils to improve the yield
and quality of plant growth. Potassium chloride (KCl) and potassium
sulfate (K2SO4) are both important sources of potash fertilizer. For cer-
tain soils and crops the addition of chloride salts should be avoided, and,
therefore, K2SO4 makes a very suitable potash source for fertilizer in
these special cases (Haase et al., 2007).
Natural K-containing minerals mainly exist in deposits from salt
lakes, such as the salt lakes in New Mexico and the Great Salt Lake in
Utah. The production method of K2SO4 depends on the composition ofnd Environmental Engineering,
nxi 030006, China. Fax: +86
+1 801 581 4937.
.wang@utah.edu (X. Wang).
.V. Open access under CC BY-NC-SA licensethe rawmaterials. Now, in the Great Salt Lake andNewMexico, the pro-
cessing of K2SO4 is based on the phase diagram of salts at a certain tem-
perature. The salt minerals in these lakes are mainly kainite, schoenite
and langbeinite. According to the phase diagram for the K–Mg–SO4–
Cl–H2O system, calculated amounts of water and KCl solution are used
to rinse these minerals in order to obtain K2SO4. During this process
epsomite (MgSO4·7H2O) is the main byproduct. Research shows
that K2SO4 can be ﬂoated by both dodecyl amine collector (DAH)
and sodium dodecyl-sulfate collector (SDS) (Hancer et al., 2001),
which provides a basis for the separation of K2SO4 from other minerals
such as MgSO4·7H2O.
The ﬂotation behavior of soluble salts has recently been reviewed
(Ozdemir et al., 2011). The ﬂotation of K2SO4 has been established for
many decades, and reasons for the ﬂotation of K2SO4 with both cat-
ionic and anionic collectors are being considered in further detail.
For many systems, salts can be classiﬁed into water structure
makers and water structure breakers according to their effect on the
short range order of water molecules. When four water molecules
with H-bonding form a structure in tetrahedral coordination, such
water structure is deﬁned as an “ice-like” water structure. Nonideal.
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hedral hydrogen bonding (Nicholov et al., 2004; Nickolov et al.,
2003). Water structure breakers are salts which destroy the “ice-like”
water structure and enhance the “liquid-like” water structure. The
“liquid-like” water structures refer to distorted, nonideal H-bonding
between water molecules (Hancer et al., 2001; Ozdemir et al.,
2007). Water molecules at a water structure breaker salt surface are
not well organized. As a result the water ﬁlm at the salt surface is
not stable, the adsorption of both cationic and anionic collector mol-
ecules is facilitated at the surface of structure breaker salts. On the
other hand, in the case of structure maker salts, the H-bonding be-
tween water molecules is enhanced usually by the presence of salt
ions (Hancer et al., 2001; Nickolov et al., 2003; Ozdemir et al.,
2007). Therefore the “ice-like” water structure, referring to the tetra-
hedrally bonded water molecules, is enhanced in the brines of water
structure maker salts. In this regard, it is expected that neither cation-
ic nor anionic collectors can penetrate the “ice-like”water barrier and
adsorb at the surface of structure maker salts which leads to poor
ﬂoatability (Hancer et al., 2001; Nickolov et al., 2003; Ozdemir et al.,
2007).
There are not too many methods for determining the change in
water structure as inﬂuenced by soluble salts for both bulk aqueous
solutions and interfacial water. Usually the viscosity of brine is used
as a measure of water structure for salts (Du et al., 2007; Hancer
et al., 2001). Due to the “ice-like” water fraction being enhanced
by water structure makers, the mobility of water molecules de-
creases with an increase in salt concentration. As a result, the viscos-
ity of brines will increase with the addition of water structure maker
salts. While in the case of water breaker salts, since the “ice-like”
water structure is destroyed and the “liquid-like” water fraction en-
hanced, the interaction among water molecules becomes weaker
leading to a lower viscosity of brine with the addition of water struc-
ture breaker salts. In terms of interfacial water structure, contact
angle measurements between a fresh crystal surface and a drop of
the corresponding saturated salt solution can be a macro parameter
for water structure (Hancer et al., 2001). For water structure makers,
the interfacial water structure is dominated by “ice-like” water
structures. The crystal surface is totally hydrophilic and the brine
completely wets the salt surface. In the case of water structure
breaker salt surfaces, the interfacial water structure is dominated
with a “liquid-like” water structure. Compared with water structure
makers, the interfacial water structure is not stable at the surface of
water structure breaker salts. Therefore, a ﬁnite contact angle can
be measured at the surfaces of such salts.
FTIR spectroscopy involving transmission and attenuated total re-
ﬂection (ATR) can be used to investigate the structure of bulk solution
and interfacial water as affected by soluble salts. In this paper, the
O–D stretching band in solutions of salts dissolved in 4 wt.% D2O/H2O
mixtures was recorded by FTIR transmission spectroscopy and used to
analyze the change of water structure caused by dissolved salts. Proven
by many researchers, this method has two advantages (Nickolov and
Miller, 2005; Ozdemir et al., 2007). Since the O–H band absorption in-
tensity is so strong, exceeding the limit of measurement, the O–H
band cannot be recorded fully. While in the case of 4 wt.% D2O/H2O
mixtures, due to the fact that the amount of D2O in D2O/H2O mixtures
is very small, a full O–Dband can be recorded by the transmissionmeth-
odwhen the concentrations of salts are increased from a very dilute to a
saturated state. So, the change in water structure as inﬂuenced by
dissolved salt in the full solubility range can be obtained. On the other
hand, in the D2O/H2O mixtures, HODmolecules are formed in the solu-
tion. Coupling between O–D and O–H oscillators is not possible because
of the difference in atomic weight between H and D atoms. Thus the
O–D stretching band recorded by the transmission method only re-
ﬂects the H-bonding interactions among water molecules. This
method has been successfully used to analyze the water structure
making/breaking character of somealkali halide salts, sodium carbonateand carnallite (Cao et al., 2011; Nickolov and Miller, 2005; Nickolov
et al., 2003). But there is no spectroscopic data reported in the liter-
ature about the water structure making/breaking character of K2SO4
and MgSO4·7H2O.
Another method to measure the water structure is attenuated
total reﬂection (ATR) (Nicholov et al., 2004; Ozdemir et al., 2007).
This method is based on the phenomenon that when light is totally
reﬂected in a dense medium, an evanescent wave is established at
the interface which propagates into the rare medium. In terms of
water structure measurement, brine is the rare medium, and crystal
is the dense medium. When the evanescent wave penetrates the
brine, water molecules will absorb the evanescent wave. Thus a signal
of the O–H band will be obtained by this method. Since the depth of
penetration is not signiﬁcant, even when the signal is increased by
multiple reﬂections the full spectroscopy of the O–H band still can
be recorded in the FTIR-ATR spectra. In this regard, the “ice-like”
and “liquid” water structures can be directly determined as revealed
by the change of the O–H band position. Although some ATR research
has been done with salt crystals, the dissolution/crystallization of salt
crystals makes it difﬁcult to investigate the water structure at a salt
crystal surface by ATR (Yalamanchili, et al., 1991). Therefore, germanium
and silicon crystals have been used as a substitute in previous research
(Max et al., 2007; Nickolov et al., 2003).
As discussed above, water structure is expected to be the main fac-
tor inﬂuencing the ﬂotation of soluble salts. But until now, there have
not been many methods to determine the water structure making/
breaking character of salts. Currently, FTIR transmission and FTIR-ATR
have been shown to be suitable tools to measure the water structure
of interest.
Previous analysis shows that the mechanism of soluble salts ﬂota-
tion can be satisfactorily explained from three factors: thermal stabil-
ity, interfacial water structure and viscosity (Hancer et al., 2001). The
inﬂuence of thermal stability on the ﬂotation of MgSO4·H2O and
MgSO4·7H2O has been discussed by Arno et al (1961). The results
show that MgSO4·H2O can be ﬂoated with an anime collector, but
in certain conditions, MgSO4·H2O transforms into MgSO4·7H2O and
loses its ﬂoatability (Arno et al., 1961). Temperature is the main
cause for this transition. Though the effect of thermal stability has
been investigated, the inﬂuence of interfacial water structure and
viscosity on the ﬂotation of MgSO4·7H2O and K2SO4 is not reported
in the literature. In this paper, the ﬂotation response of K2SO4 and
MgSO4·7H2O at room temperature was studied, while thermal
stability was not considered. The aim of this study is to determine
the effect of water structure, as inﬂuenced by dissolved ions, on the
ﬂotation of K2SO4 and MgSO4·7H2O. The ﬂotation response of
K2SO4 and MgSO4·7H2O with SDS and amine collectors was investi-
gated by microﬂotation experiments. Both FTIR transmission and
FITR-ATR experiments were performed to deﬁne the water structure
of these two salts. The viscosity of brines was also measured which
providesmacroscopic information about thewater structure as affected
by K2SO4 and MgSO4·7H2O Salts.
2. Materials and methods
2.1. Reagents and materials
Arcanite (K2SO4), epsomite (MgSO4·7H2O), and D2O (purity of
99.8%) were reagent grade and were purchased from Sigma Aldrich
company. Sodium dodecyl-sulfate (SDS) and dodecylamine hydro-
chloride (DAH), with a purity of 99%, were both purchased from
Fluka company. All the reagents were used as received without any
further puriﬁcation. Deionized water (18 MΩ cm) was used in all
experiments.
The saturated brines of K2SO4 and MgSO4·7H2O were prepared in
deionized water with the respective salts. Due to the temperature
dependence of salt solubility, a small variation in temperature will
Fig. 1. FTIR/ATR sampling and process to obtain the O–D stretching band of brines of
salts dissolved in 4 wt.% D2O/H2O mixture.
Fig. 2. Microﬂotation results for K2SO4 and epsomite (80–100 mesh) with DAH and
SDS collectors.
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saturated brines were stirred for 24 h to achieve saturation at 23 °C.
All saturated brines were ﬁltered with a 0.2 μm ﬁlter to remove the
ﬁne salt particles and other insolubles prior to use.
2.2. Microﬂotation tests
The micro-ﬂotation tests for K2SO4 and MgSO4·7H2O with SDS
and DAH as collectors were performed using a 125 ml column cell
(20 × 220 mm) with a ﬁne ﬁlter and a magnetic stirrer. In each
test, saturated brine containing a desired amount of collector was
conditioned for 15 min. The salt sample (80–100 mesh) of 2 g was
then added to the saturated brine. The mixture of saturated brine
and salt particles was stirred for another 8 min to achieve adsorption
of the collector at the salt particle surface. The ﬂotation tests were
conducted for 1 min using nitrogen at a ﬂow rate of 50 ml/min. Each
microﬂotation test was repeated three times, and the mean value of
recovery was reported.
2.3. FTIR spectroscopy measurements
A Spectrum BX spectrometermanufactured by PerkinElmer Compa-
nywas used to perform the FTIR transmission spectra measurements. A
small cell with two CaF2windows and a 0.05 cmTeﬂon spacerwas used
in these measurements. All FTIR spectra of brines were recorded in the
range of 300–4000 cm−1 by co-addition of 1024 interferograms at a
resolution of 2 cm−1 with data points at a spacing of 0.964 cm−1 at
room temperature.
The O–D stretching band between 2150 and 2750 cm−1 was
recorded and analyzed to determine the effect of salt on the water
structure. The same amount of each salt was dissolved into pure
water and in 4 wt.% D2O in H2O mixtures respectively. The spectra
of the two brines with the same concentration of salt were recorded
at the same spectrometer settings in the range of 300–4000 cm−1.
In order to obtain the spectrum of the O–D stretching band, the spec-
trum of the salt in pure water was subtracted from that in the 4 wt.%
D2O in H2O mixture. As reported by Nickolov and Miller (2005), in
order to get a better comparison between the shapes of the O–D
band at different salt concentrations, all the spectra of the O–D band
for each salt in the range of 2150–2750 cm−1 were baseline corrected
and normalized to unity at the peak wavenumber, as shown in Fig. 1.
The FTIR-attenuated total reﬂection (FTIR-ATR) spectra of K2SO4
and MgSO4·7H2O solutions were recorded by the same FTIR instrument
with spectrometer settings the same as for the FTIR-transmission mea-
surements. The O–H stretching band in the range of 2500 cm−1 to
4000 cm−1 was used to compare the change in band shape. A germani-
um multiple internal reﬂection prism with an angle of incidence of 45º
was purchased from Harrick Scientiﬁc and used to measure the
FTIR-ATR spectrum. The germanium prism was cleaned with acetone,
ethanol and deionized water respectively. The prism was dried with an
infrared lamp prior to use. All the FTIR measurements were conducted
at room temperature. In order to compare the change in the O–H band
shape, all the OH spectra for each salt were normalized to the same
unit and presented in the same ﬁgure to analyze changes in the water
structure. In order to better understand the FTIR-ATR results, all the OH
spectra of brine and pure water were baseline corrected and normalized
to unity. After these procedures, from each OH spectra of brine the OH
spectra of pure water were subtracted. In this way the variety of
“ice-like” and “liquid-like”water structures can be distinguished.
3. Results and discussion
3.1. Microﬂotation experiments
Long chain alkyl amine and alkyl sulfate frequently are used as
collectors to investigate the ﬂotation response of soluble salt minerals.Dodecylamine hydrochloride (DAH) and dodecyl-sulfate (SDS) were
chosen as the collectors to study the ﬂotation behavior of K2SO4 and
MgSO4·7H2O.
As shown in Fig. 2, the recovery of K2SO4 reaches 100% with an in-
crease in the concentration for both SDS and DAH collectors. While
the recovery of MgSO4·7H2O was essentially zero for both anionic
and cationic collectors, the recovery of K2SO4 using either SDS or
DAH is signiﬁcant, with SDS being more effective. It is expected that
the difference in the K2SO4 brine and the MgSO4·7H2O brine could
lead to differences in the formation and state of collector colloids/
aggregates as well as collector solubility. Such a difference might
39F. Cheng et al. / International Journal of Mineral Processing 122 (2013) 36–42account for a difference in the ﬂotation response. Unfortunately the
solubility of SDS or DDA in the brines was not determined in this re-
search. According to recent ﬁndings, the ﬂotation response of soluble
salts such as KCl is highly dependent on the precipitation of a collector
colloid. It is known that the solubility of SDS is much less than that of
DDA under similar conditions (Hancer et al., 2001) In saturated brine,
the solubility of the collector would further decrease due to the high
ionic strength. In this regard, it is expected that it is much easier for SDS
to precipitate the collector colloid than DDA at the same concentration,
which might lead to a higher recovery for both arcanite and epsomite.
It appears that SDS strongly adsorbs at the K2SO4 surface when
compared to DAH. In addition, it should to be noticed that a satisfactory
recovery was obtained only when the concentration of DAH exceeded
its solubility limit and precipitation of DAH occurred in the solution.
That the precipitation of the amine collector plays an important role in
the ﬂotation of soluble salts was established many years ago (Roman
el al., 1968) and conﬁrmed in recent investigations (Burdukova and
Laskowski, 2009; Burdukova et al., 2009; Cao et al., 2010). It is expected
that adsorption of the collector precipitate at the bubble surface sig-
niﬁcantly facilitates the bubble/particle attachment (Burdukova and
Laskowski, 2009; Burdukova et al., 2009). Further, the precipitate
acts like a bridge between the bubble and the particle surface account-
ing for the ﬂotation (Cao et al., 2010).
All the ﬂotation tests were done at natural pH and hydrolysis of
the salts is not expected. Of course at high pH magnesium will under-
go hydrolysis as will the amine collector but the results from our
experiments are at neutral pH and hydrolysis reactions are unlikely.
The ﬂotation results show that K2SO4 can be ﬂoated with both DAH
and SDS collector, which indicates that both cationic and anionic col-
lectors can adsorb at the K2SO4 crystal surface and generate sufﬁcient
hydrophobicity for ﬂotation. The charge of arcanite has been deter-
mined as negative in previous research, while the charge for epsomite
has not yet been determined. In any case epsomite could not be ﬂoated
with either anionic or cationic collector even at high concentrations,
which demonstrates that surface charge is not the determining factor.
In this regard, FTIR transmission spectra, FTIR-ATR internal reﬂection
spectra, and viscositymeasurements for K2SO4 andMgSO4·7H2O brines
are reported to examine the signiﬁcance of water structure in the ﬂota-
tion of the K2SO4 and MgSO4·7H2O salts.
3.2. FTIR transmission spectra
In order to determine thewater structure of K2SO4 andMgSO4·7H2O
brines, the spectra of the O–D band in solutions of salts dissolved in
4 wt.% D2O/H2O mixtures were recorded and are shown in Figs. 3 andFig. 3. O–D stretching band spectra for brines of K2SO4 in 4 wt.% D2O in H2O mixtures
at different concentrations. The transmission spectrum of the pure 4 wt.% D2O in H2O
mixtures is shown with a bold line. Transmission spectra for mole ratios of water:
salt are 200:1, 150:1, 100:1 and 86:1 as indicated by arrow.4. Selected mole ratios of water to salt were chosen to analyze the
O–D stretching band, which provided a better picture of interactions
between water molecules and dissolved salt. The mole ratios of water
to salt in K2SO4 solutions were 200:1, 150:1, 100:1 and 86:1. While,
for the MgSO4·7H2O solutions the ratios of water to salt were100:1,
77:1, 42:1, and 27:1.
The O–D stretching band is composed of two components. One is
in the range around 2380 cm−1 and corresponds to the “ice-like”
water structure, While another is in the range of 2530 cm−1 and cor-
responds to the “liquid-like” water structure (Max and Chapados,
2007; Nickolov and Miller, 2005). In this regard, if the salt is a water
structure maker, the “ice-like” fraction of water molecules will be en-
hanced. Thus the peak at around 2530 cm−1 will become weaker and
the peak at around 2380 cm−1will be enhanced at the same time. As
a result the peaknumber of the whole O–D band will shift to the lower
wavenumber, and the width of O–D peaknumber will increase with
increasing of salt concentration (Nickolov and Miller, 2005). In the case
of water structure breaker salts the opposite effect should be observed.
The peaknumber for the O–D band will shift to higher wavenumbers
and the width of the O–D band will decrease (Nickolov and Miller,
2005; Ozdemir et al., 2007). So, the peaknumber and the width of
the O–D band are two parameters used to deﬁne the water structure
making/structure breaking character of soluble salts.
As mentioned in the literature (Nickolov and Miller, 2005), trans-
mission spectra measurements require that the solubility of salts be
high enough to allow for a mole ratio of water to salt less than ca.
20:1–10:1. In this regard, the number of water molecules inﬂuenced
by the hydration effect of the dissolved salt can be comparable with
or higher than the amount of bulk-like water. Under these circum-
stances, the change of peaknumber or width of the O–D band can
be detected. Unfortunately, the solubility of K2SO4 is very low. Even
in the saturated solution of K2SO4 the mole ratio of water to salt is
only 86:1. The change of the O–D band shape affected by K2SO4 is not
signiﬁcant. As shown in Fig. 3, the spectra of the O–D band in K2SO4
solutions is essentially the same as the spectra of the O–D band in
pure 4 wt.% D2O/H2O mixture. The water structure making/breaking
character cannot be determined from spectral transmission data.
In case of MgSO4·7H2O in 4 wt.% D2O in H2O mixtures, due to the
fact that the solubility of MgSO4·7H2O is much higher than the solu-
bility of K2SO4 the requirement for measurement is satisﬁed. The var-
iation in the O–D band shape caused by the hydration effect of the
dissolved salt can be observed in Fig. 4. The OD band in the range of
2150–2750 cm−1is actually the overlapping of ice-like water structure
and liquid water structure, which cannot be distinguished by FTIR. So
the peaknumber includes all contributions to the observed absorption.Fig. 4. O–D stretching band spectra for brines of epsomite in 4 wt.%D2O in H2Omixtures at
different concentrations. The spectrum of the pure 4 wt.% D2O in H2O mixtures is shown
with a the bold line. Transmission spectra for mole ratios of water: salt are 100:1, 77:1,
42:1 and 27:1 as indicated by arrow.
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OH stretching which causes the peaks shift to lower wavenumbers. In
this regard, the peak shift to lower wavenumbers is indicative of in-
crease in hydrogen bonding. Also a peak intensity increases for the the
ice-like range indicates an increase in hydrogen bonding. In the same
way, a peak intensity increases for the “liquid-like” range indicates an
increase of incomplete hydrogen bonding. In our experiments the
peaknumber of the O–D band in the MgSO4·7H2O solution shifts to a
low wavenumber with increasing salt concentration, and the width of
the O–D band also increases. These results indicate that MgSO4·7H2O
is a water structure maker, which enhances the “ice-like” water
structure. The water structure analysis for the bulk solution of brines
is expected to be present at the salt surface. At the surface of the
MgSO4·7H2O crystal, it is expected that most water molecules form
the “ice-like” water structure with hydrogen bonding at the surface.
Therefore, the interfacial water structure at the crystal surface is
enhanced signiﬁcantly and is very stable.
Neither cationic and nor anionic collector can displace the interfacial
water structure and adsorb at theMgSO4·7H2O surface. In addition, the
change of the O–D band in solutions of MgSO4·7H2O is much more
signiﬁcant than that in bischoﬁte (MgCl2·6H2O) solutions as reported
in Cao et al. (2011), even though the solubility of MgCl2·6H2O is higher
than the solubility of MgSO4·7H2O.3.3. FTIR-ATR Spectra
As discussed previously, the water structure property for
MgSO4·7H2O can be determined by analyzing of the O–D stretching
band using transmission spectra, while that of K2SO4 cannot be de-
termined using the transmission spectra due to its low solubility. In
this regard, FTIR-ATR spectra which are more sensitive, were taken to
detect OH stretching band changes. In order to compare the OH band
shape as inﬂuenced by salts, all the spectra of the OH band for brines
were baseline corrected and normalized to one unit. The FTIR-ATR spec-
tral results for K2SO4 are shown in Fig. 5 at different mole ratios of the
K2SO4 solutions in which the mole ratios water: salt = 200:1, 150:1,
100:1, 86:1.
As is well known form FTIR spectra of water, there are three
“peaks” in the spectra for water structure study (Max et al., 2007).
The “peak” at 3200 cm−1 corresponds to the complete hydrogen
bonding between water molecules in tetrahedral coordination (the
“ice-like” water structure). The “peak” at 3400 cm−1 corresponds to
incomplete tetrahedral hydrogen bonding (“liquid-like”water structure)
(Max et al., 2007; Ozdemir et al., 2007). And the “peak” at 3600 cm−1Fig. 5. FTIR-ATR spectra of the O–H stretching band for brines of K2SO4. The line at the
bottom is pure water. The mole ratios of water to salt are 200:1, 150:1, 100:1, 86:1 for
the order indicated by the arrow.corresponds to free OH stretching or weak hydrogen bonding such as
found for water vapor (Nickolov and Miller, 2005). The shape of the
O–H band in K2SO4 solutions shows a slight change for the whole range
of concentrations. As shown in Fig. 5, due to the low solubility of K2SO4,
signiﬁcant changes in the OH band are not observed.
In order to get more information from the FTIR-ATR results, the O–
H band for pure water was subtracted from the O–H band spectra of
K2SO4 brines. This method has been established by Max et al. (Max
and Chapados, 2007; Max et al., 2007; Max and Chapados, 2005).
The results are shown in Fig. 6. Since all the spectra of the O–H band
were normalized to the same unit, the absorbances of the “liquid-like”
water structure at about 3400 cm−1 are equal. Thus after subtraction,
the absorbance of “liquid-like” water structure is zero. There are two
major components in the spectra that can be analyzed to determine
the change inwater structure as inﬂuenced by K2SO4, the region around
3200 cm−1 and the region around 3600 cm−1. The region around
3200 cm−1 corresponds to the “ice-like” water structure. As seen
from Fig. 6, after subtraction, the absorbance of the “ice-like” water
structure is negative, which suggests that the “ice-like” fraction in solu-
tions of K2SO4 is destroyed. In addition, the absorbance of free OH in the
region of 3600 cm−1 is positive and increases with increasing K2SO4
concentration. These results indicate that with the addition of K2SO4,
the “ice-like” water structure decreases leading to more “free” water
molecules and a decrease in hydrogen bonding. So, the FTIR-ATR results
conﬁrm for the ﬁrst time at the molecular level that K2SO4 is a water
structure breaker.
Although the structure making character of water has been deter-
mined for MgSO4.7H2O with the FTIR transmission method, the
FTIR-ATR technique was used to further investigate the structural
character of water as inﬂuenced by MgSO4·7H2O through the analysis
of the O–H stretching band. The results are shown in Fig. 7. In the solu-
tions of MgSO4·7H2O, the mole ratios of water to salt were 77:1, 42:1
and 27:1. The change in thewidth of the peak around 3200 cm−1, corre-
sponding to changes in the “ice-like”water structure, is used to analyze
the water structure in solutions (Ozdemir et al., 2007). The FTIR-ATR re-
sults for the O-H stretching band at 3200 cm−1 show that the width of
the O–H band becomes broader and the absorbance becomes stronger
with increasing MgSO4·7H2O concentration. These results indicate that
the “ice-like”water structure is enhanced for solutions of MgSO4·7H2O.
Further understanding of the FTIR-ATR results for the MgSO4·7H2O
solutions was accomplished using the same procedure as was used for
the K2SO4 solution. As shown in Fig. 8, after subtractionwith the spectra
of pure water, the major peak in the spectra for the MgSO4·7H2O solu-
tions, unlike the K2SO4 solution, is the “ice-like” water structure around
3200 cm−1. With an increase of MgSO4·7H2O concentration, the peakFig. 6. Subtraction results for the O–H band in solutions of K2SO4 after subtraction of
the FTIR-ATR spectrum for pure water. The mole ratios of water to salt are 200:1,
150:1, 100:1, 86:1 for the order indicated by the arrow.
Fig. 7. FTIR-ATR spectra of the O–H stretching band for brines of epsomite. The line at
the bottom is pure water. The mole ratios of water to salt are 77:1, 42:1, 27:1 for the
order indicated by the arrow.
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the “ice-like” water structure at 3200 cm−1 also shifts to a lower
wavenumber of around 3100 cm−1. The results indicate that
MgSO4·7H2O has an opposite effect on water structure. With an in-
crease of MgSO4·7H2O concentration, the “liquid-like” water structure
is reduced and the “ice -like”water structure is enhanced signiﬁcantly.
It is clear that MgSO4·7H2O is a water structure maker. In this way it is
expected that adsorption of collectors at the MgSO4·7H2O surface does
not occur and that ﬂotation of MgSO4·7H2O is not achieved. The results
again conﬁrm that epsomite (MgSO4·7H2O) is a water structuremaker.
Compared to the FTIR transmission method, the FTIR-ATR method
cannot provide a precise value for the O–D peak position shift in the
O–D stretching band spectra. But, the variation of water structure
can be inferred from the change in shape of the “ice-like” component
in the O–H stretching band. In some cases, the solubility of the salt is
not high enough, and the change of the O–D stretching band is not
signiﬁcant, which makes the transmission method ineffective to de-
termine the inﬂuence of the salt on water structure. Therefore, it is
evident that FTIR-ATR is another option to evaluate the effect of
dissolved salts on water structure. After subtraction of the O–H spec-
trum of pure water from the OH spectrum of brines, the change in the
“ice-like” water structure can be clearly observed. Even for salts of
low solubility, the change of the “ice-like” water structure can still
be detected with the FTIR-ATR procedure.Fig. 8. Subtraction results for the O–H band in solutions of epsomite after subtraction of
the FTIR-ATR spectrum for pure water. The mole ratios of water to salt are 77:1, 42:1,
27:1 for the order indicated by the arrow.The FITIR spectroscopy results are summarized in Table 1 and
appear to be conﬁrmed based on brine contact angle measurements
in the absence of collector.
3.4. Viscosity measurements
The viscosity measurement can be used to examine weather as salt
is a “water-structure maker” or a “water-structure-breaker”. When
water molecules strongly interact with salt ions the water molecule mo-
bility decreases and then the water viscosity increases. Of course the ion
hydration behavior will differ and the ionsmust be considered as a com-
ponent of the solution structure.
The relative viscosity values versus concentration for solutions of
K2SO4 andMgSO4·7H2O are shown in Fig. 9. In the case of magnesium
ions, at natural pH, the hydroxyl ion concentration is very low, and
signiﬁcant hydrolysis is not expected. Since the solubility of arcanite
is relatively low, its effect on viscosity is not great. On the other
hand, the viscosity of MgSO4·7H2O solutions increased dramatically
and reached 7.5 cSt at saturation, which measurements support the
FTIR results and suggest that MgSO4·7H2O is a water structure
maker. The viscosity results can be analyzed from the hydration effect
of ions. Since K2SO4 and MgSO4·7H2O have a common anion, the
difference in the water structure making/breaking character is caused
by the cations. So, it is obvious that K+ has a water structure breaker
effect on water structure, while Mg2+ is a water structure maker ion.
Due to the weak hydration of K+, the interaction between K+ and
water molecules is not strong. Thus the viscosity of the K2SO4 solution
does not change much. In terms of the MgSO4·7H2O solution, the
hydration effect of Mg2+ is strong; more water molecules are bound
to the Mg2+ ions. As a result, the mobility of the water solution de-
creased resulting in a high viscosity value.
It is expected that ordering of water at the epsomite surface is in-
creased when compared to the structure making characteristics of the
bulk solution. In this case the collector species are accommodated in
solution rather than being adsorbed at the surface. In the saturated
brine, due to the high ionic strength, the solubility of DDA or SDS will
decrease leading to precipitation of the collector colloid. The high vis-
cosity will of course decrease the dispersion of DDA and SDS collectors
to some extent.
It is already known that the ﬂotation of soluble salts may depend on
the precipitation of the amine collector (Burdukova and Laskowski,
2009; Burdukova et al., 2009; Cao et al., 2011). In addition, the disper-
sion of the collector precipitate also inﬂuences the recovery of salts. If
the collector precipitate is dispersed, a better recovery of the salt is
obtained, (Burdukova et al., 2009). Due to the water structure making
effect of the Mg2+ ion, the mobility of the water molecules decreases
resulting in poor dispersion of the collector precipitate. In this regard,
the “ice-like” water structure not only forbids the adsorption of collec-
tor at the water structure maker salt surface, but also reduces the dis-
persion of collector colloids in such systems.
4. Summary and conclusions
FTIR transmission and FTIR-ATRmethods were used to analyze the
water structure of K2SO4 and MgSO4·7H2O solutions at the molecular
level. The observed change in the O–D band shape for MgSO4·7H2O
conﬁrms that MgSO4·7H2O is a water structure maker. In the case
of K2SO4 solutions, due to its low solubility, the change in the O–D
band shape is not signiﬁcant. Therefore, the FITR-ATR technique wasTable 1
Contact angle measurement for saturated brine at the surface of sulfate salts.
Salt Water structure Contact angle (degree)
Arcanite, K2SO4 Breaker 20
Epsomite, MgSO4.7H2O Maker 0
Fig. 9. Viscosity of K2SO4 and epsomite solutions as a function of concentration at
23 °C.
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MgSO4·7H2O solutions. With a special spectral analysis procedure,
the water structure of K2SO4 solution was determined and K2SO4 was
shown to be a water structure breaking salt. In addition, the structure
making property of MgSO4·7H2O was further conﬁrmed with this
FTIR-ATR method. So, the FTIR-ATR approach is a good method for the
analysis of water structure especially for salts of low solubility. In addi-
tion, the conclusion about the water structure properties of K2SO4 and
MgSO4·7H2O solutions obtained from FTIR spectroscopy is further sup-
ported by viscosity measurements of the salt brines.
Microﬂotation tests show that K2SO4 can be ﬂoated from its saturat-
ed brine by both the cationic collector, DAH, and the anionic collector,
SDS. On the other hand, MgSO4·7H2O cannot be ﬂoated with either col-
lector. It is expected that the ﬂotation response can be explained based
on whether the salt is a water structure breaker or a water structure
maker as has been demonstrated for other soluble salt ﬂotation sys-
tems. As discussed previously if collector colloid precipitation occurs
and contributes to ﬂotation recovery, a good dispersion is required for
the ﬂotation of soluble salts minerals. Due to the water structure mak-
ing effect of the Mg2+ ion, the mobility of water molecules decreases
which may result in a poor dispersion of the collector precipitate. In
this regard, the “ice-like” interfacial water structure not only inhibits
the adsorption of collector at the epsomite surface, but also the struc-
ture of epsomite brines may reduce the dispersion of the collector
colloid precipitate in the ﬂotation system.
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